The prolactin gene is expressed in the mouse kidney.
reported active uptake of PRL by mammalian kidneys, Conclusion. These data indicate that the parietal epithelial followed by degradation of the hormone [25] [26] [27] [28] . local hormonal environment in the kidney. In this study, we demonstrate the expression of the PRL gene in the parietal epithelial cells of Bowman's capsule in the Prolactin (PRL) is an anterior pituitary hormone origimouse kidney. nally identified as a lactogen. Not only mammalian but submammalian species, including avians, amphibians, and fish, contain the PRL gene in their genomes [1] [2] [3] [4] [5] .
METHODS PRL exerts important influences on lactation, water elecSolution-phase reverse transcription-polymerase trolyte balance, fertility, and growth in a wide variety of chain reaction (RT-PCR) animal species [6, 7] .
Kidney tissues were excised from female animals, The expression of PRL was once believed to be merely mouse (Balb/c), African clawed frog (Xenopus laevis), restricted to the pituitary gland. An increasingly large and carp. The tissues were immediately homogenized body of evidence, however, has shown that multiple local in solutions of RNAzol B (Cinna/Biotex, Texas, USA) tissues express PRL [8] [9] [10] [11] [12] [13] [14] [15] [16] . For example, human immune according to the supplier's protocol for preparation of cells, spleen, and thymus also express PRL, which acts total RNA. Poly (A) RNA purified with oligotex-dT 30 as a mitogen in the immune system [9] [10] [11] 16] . PRL also (Japan Roche, Tokyo, Japan) was reverse transcribed by has been found to be expressed in the placenta, more essentially the same method described elsewhere [29] . strictly, the decidualized endometrium of the uterus [8, Reverse transcriptase was omitted from the control reaction mixtures. PRL-specific cDNAs were amplified by CAATGACCTGGATTCTCAC-3Ј and 5Ј-TATCCTGG performed with a solution containing random nucleotide nanomer as a primer at 37ЊC for 60 minutes. Reverse CCAAGGCTGCTG-3Ј for carp PRL. For mouse Pit-1 (mPit-1), the first-round primers were 5Ј-ACGCCACC transcriptase was omitted from control reactions. Specific cDNAs of interest in the sections were amplified AACGTGATGTC-3Ј and 5Ј-AAGTGTCTCTCCAGA GCATC-3Ј. Primers used in the second-round PCR were by nested PCR. Primers used in the experiments of in situ PCR were the same as those used in the solution-5Ј-TTTCTCACTACATCCATACCCT-3Ј and 5Ј-CTGC TTGTTTTGTTCCTCAATCT-3Ј for mPRL; 5Ј-GAAC phase PCR experiments. The Taq DNA polymerase was Ampli Taq Gold (Perkin-Elmer Corp., Norwalk, CT, GCTTTACACCAAGTCGA-3Ј and 5Ј-GACCACAGT GAGTTTACATCGT-3Ј for Xenopus PRL; and 5Ј-GA USA). The PCR mixtures were preincubated at 94ЊC for nine minutes. The thermal cycling profile of the first-TGCCTCGTCCATCGATGT-3Ј and 5Ј-ACAGGTTG TCTGAAGATGAGC-3Ј for carp PRL. A set of mPit-1 round reaction was as follows: denaturation for one minute at 94ЊC, annealing for two minutes at 50ЊC, followed primers used in the second-round reaction was 5Ј-ACT CTGTGCCTTCCTGTCAT-3Ј and 5Ј-CCTTAGCAGC by an extension of three minutes at 68ЊC for 30 cycles.
Prior to the second-round PCR, the reaction mixtures TACACTGATG-3Ј. PCR was performed by a DNA thermal cycler (PC-700; Astec, Fukuoka, Japan). The were preincubated at 94ЊC for nine minutes. The secondround reactions were employed by 20 cycles of thermal Taq DNA polymerase used in solution-phase PCR experiments was exTaq (Takara Shuzo Co., Shiga, Japan).
cycling for mPRL and 40 cycles for mPit-1. Each cycle of the second-round PCR consisted of denaturation for The thermal cycling profiles were as follows: denaturation at 94ЊC for one minute, annealing for two minutes one minute at 94ЊC, annealing for two minutes at 55ЊC, followed by an extension of two minutes at 72ЊC. In the at 50ЊC, and an extension of three minutes at 68ЊC for 40 cycles in the first round, and denaturation at 94ЊC for second-round reactions, solutions contained digoxigenin-deoxy uridine 5Ј-triphosphate as a substrate of the one minute, annealing for two minutes at 60ЊC, and an extension of three minutes at 72ЊC for 40 cycles in the DNA polymerase, and therefore, PCR products were labeled with digoxigenin. The tissue sections were rinsed second round. PCR products were electrophoresed on a 1.5% agarose gel followed by Southern transfer to a with buffer A (100 mm Tris-HCl, pH 7.5, 150 mm NaCl) and were then incubated with buffer A containing 10% nylon membrane (Biodyne B; Pall Biodyne, Portsmouth, UK). Hybridization was carried out overnight at 65ЊC
Liquid block (Amersham, Arlington Heights, IL, USA) at room temperature for 30 minutes. The tissue sections in a 1 ϫ Denhardt's solution containing 6 ϫ standard saline citrate (1 ϫ standard saline citrate ϭ 0.15 m NaCl/ were subsequently (a) reacted with the antidigoxigenin antibody labeled with alkaline phosphatase (500-fold di-0.015 m Na 3 · citrate, pH 7.6) and 0.1% sodium dodecyl sulfate. Internal oligo DNA probes used in Southern luted with buffer A) at room temperature for one hour; (b) rinsed with buffer A; (c) rinsed with buffer B (100 analysis were as follows: mPRL, 5Ј-GGGCTTGTTCCT TGTCTTCAGGTGTAGCCA-3Ј; Xenopus PRL, 5Ј-GT mm Tris-HCl, pH 9.5, 100 mm NaCl, 50 mm MgCl 2 ); and (d) visualized using coloring reagents, nitroblue tetrazo-TCTGAAGTCTTGGAAGATCCT-3Ј; carp PRL, 5Ј-AC ATCCAGAACGCAACACCATTGAC-3Ј; mPit-1, 5Ј-T lium, and 5-blomo-4-chloro-3-indolylphosphate. AAGCAGGAACTCAGGCGGAA-3Ј. The probes were Preparation of recombinant mouse prolactin and labeled with 32 
P. mouse prolactin receptor proteins In situ reverse transcription-polymerase chain reaction
The expression plasmid for the recombinant mPRL protein was constructed as follows: (a) mRNA was exThe Balb/c mice were perfused through the left ventricle of the heart with diethyl pyrocarbonate (DEPC)-treated tracted from mouse pituitary and was reverse transcribed; (b) cDNA encoding mature mPRL protein was obtained phosphate-buffered saline (PBS) followed by perfusion with the PBS 10% formalin fixative. Kidney tissues were by PCR using primers 5Ј-AACATATGCCAATCTGTT CCGCTGGTGA-3Ј and 5Ј-AAGGATCCATCTCAGA immersed in the fixative at 4ЊC overnight, embedded in paraffin, and sliced into 4 m sections. Deparaffinized AAGAGATGGACTGAA-3Ј, and the PCR products were digested with NdeI and BamHI; and (c) the digest tissue sections were proteased with pepsin (2 mg/ml in a 0.1N-HCl solution) for 30 minutes at room temperature was inserted into a pET-16b vector (Novagen, Madison, WI, USA). The resulting plasmid encodes the entire and were then washed with DEPC-treated double-distilled water (DDW) followed by postfixation with 0.5% part of the mature mPRL protein. The recombinant was expressed in an E. coli strain, BL21 (DE3), and purified glutaraldehyde for 30 minutes at room temperature. After a rinse with DEPC-treated DDW and dehydration using DEAE Sepharose Fast Flow (Pharmacia, Uppsala, Sweden). using ethanol, genomic DNA in the tissue sections was digested with RNase-free DNaseI (1 unit/l; Takara Recombinant mPRL-R was prepared by the following procedures: A cDNA fragment of mPRL-R (nucleotides Shuzo) at 37ЊC overnight. The sections were rinsed with DEPC-treated DDW and were dehydrated with ethanol, 4-671) encoding its extracellular domain (amino acids 2-223) was prepared by PCR using an mPRL-R cDNA and reverse-transcription reaction in the sections was clone (DDJB/EMBL/GenBank accession No. D10214, a gift from M. Sasaki) [30] as a template and a pair of primers, 5Ј-AAAAGATCTCATCTGCACTTGCTTAC AT-3Ј and 5Ј-GGTGAATTCATTTGGTATTTCAATA GA-3Ј. The PCR product was digested with BglII and EcoRI and inserted into pGEX-3X expression vector (Pharmacia). Recombinant mPRL-R was expressed in E. coli as a glutathione-S-transferase fusion and purified by affinity chromatography on glutathione-Sepharose 4B.
Antibodies
A rabbit anti-mPRL antiserum was obtained from UCB Bioproducts (Brussels, Belgium) (lot A583/R4H). A rabbit antiserum against mouse PRL receptor (mPRL-R) was prepared using the glutathione-S-transferasemPRL-R fusion protein as an antigen. A goat antirabbit IgG F(abЈ) 2 antibody (affinity-purified and conjugated with horseradish peroxidase) was obtained from Cappel (Scarborough, ON, Canada).
Immunohistochemistry
The Balb/c mice were perfused through the left ventricle of the heart with PBS and then with Zamboni's fixative [31] . Kidney tissues were immersed in Zamboni's solution at 4ЊC overnight. After immersion fixation, the tissues were sliced into 70 to 100 m sections. The blocking was carried out overnight with PBS containing 1% bovine serum albumin (BSA) at 4ЊC. The tissue samples were subsequently processed at room temperature as follows: (a) reacted to the anti-mPRL antibody (500-fold diluted in PBS/1% BSA) for 48 hours; (b) reacted to horseradish peroxidase-conjugated goat antirabbit IgG antibody (500-fold diluted in PBS/1% BSA) for 24 hours; (c) reacted with the diaminobenzidine solution; (d) postfixated with 2% OsO 4 in ice for two hours; (e) dehydrated with an ascending series of ethanol; and (f) embedded in epoxy resin. Semi-ultra-thin sections were 1 m in thickness and were counterstained with toluidine blue.
For negative controls, mPRL-and mPRL-R-specific cDNA as a template and mPRL-specific primers, we assayed the expression of mPRL in the kidney. As clearly seen in Figure 1A , a single-sized PCR band (302 bp), in the control lanes (Fig. 1A, lanes RTϪ) . This observawhich was exactly the same in size as the expected, was tion suggests that the mPRL gene is expressed in the found, and it was hybridized to an mPRL-specific oligo DNA probe (Fig. 1A , lanes RTϩ). No band was detected kidney. Not merely mammalian species, but lower ani- mals, including fish and amphibian, contain the PRL control section, no significant positive reaction was seen gene in their genome [1] [2] [3] [4] [5] . By solution-phase PCR, we (Fig. 2B) . It is thus safely concluded that the parietal tested whether kidneys of lower animals also express the epithelial cells of Bowman's capsule express the mPRL PRL gene. As shown in Figure 1B and C, specific PCR gene in the mouse kidney. products representing the presence of PRL transcripts were found in the carp and frog kidneys. Judging from Localization of prolactin protein in the kidney these data, PRL gene expression in the kidney is not a As demonstrated earlier here, the mPRL gene is transpecies-specific event but is common to vertebrates. scribed in the parietal epithelial cells of Bowman's capsule. We next investigated the distribution of mPRL Detection of PRL mRNA by in situ reverse protein in the kidney (Fig. 3A, B ). An antiserum against transcription-polymerase chain reaction mPRL strongly reacted to the parietal epithelial cells of Localization of the mPRL transcript in the mouse Bowman's capsule (Fig. 3A) , although the control seckidney was studied by in situ RT-PCR. In Figure 2A , tion of the tissue did not show any positive reaction to positive reactivity for mPRL is seen on the parietal epithelial cells of Bowman's capsule in the kidney. On the antigen-absorbed antiserum (Fig. 3B) . Localization of mouse prolactin receptor in the kidney regulation of renal expression of mPRL, we tested mPit-1 gene expression in the kidney by solution-phase and in Earlier studies with radiolabeled PRL have indicated situ RT-PCR. Single-sized PCR products (522 bp) were that specific mPRL binding sites are present in both amplified with a set of mPit-1-specific primers (Fig. 4) . renal medulla and cortex [7, 23, 24] . However, precise A Southern blot of the PCR products exhibited positive morphological localization of the binding sites in the hybridization to an mPit-1-specific oligo DNA probe. The kidney is unclear. To identify target cells of renal mPRL PCR product was cloned and sequenced (data not shown). produced by the parietal epithelial cells of Bowman's Its sequence was completely the same as that previously capsule, we prepared anti-mPRL-R antibody and carried reported for mPit-1 [34] . Localization of mPit-1 mRNA out immunohistochemical examination for mPRL-R in in the kidney was assessed by in situ RT-PCR, and the the kidney. As shown in Figure 3C , mPRL-R is localized on the parietal epithelial cells of Bowman's capsule, and result is displayed in Figure 5 . Positive signals representas well on the brush border of the proximal tubules.
ing the presence of mPit-1 transcripts are mapped on the parietal epithelial cells of Bowman's capsule. Possibility of transcriptional regulation of the PRL gene by Pit-1 in the kidney DISCUSSION A transcriptional factor, Pit-1, is known to regulate Earlier works have reported that radiolabeled and nathe expression of the PRL gene in the pituitary gland.
tive PRL accumulate in proximal tubular cells when inRecent studies have shown that the Pit-1 gene is also exjected intravenously [25] [26] [27] [28] . These findings suggest that pressed in the rat lymphoid [32] and placenta [33] . Because it is tempting to speculate that Pit-1 participates in the blood-circulating PRL is extracted to the glomerular fil-developed microvilli of the proximal tubules. This implies that a mechanism for receptor-mediated active absorption of PRL exists in the proximal tubules. Proteins in the filtrate, in general, appear to be absorbed along the proximal tubule and to a small extent distally [38] , and the proximal tubular absorption of proteins is performed by an endocytotic mechanism [39, 40] . As an exceptional case, the renal uptake and metabolism of atrial natriuretic factor (ANF) is known to be mediated by specific clearance receptors (named C-ANF receptors), which are localized in vascular and glomerular structures of the kidney [41] . None of the known renal and vascular effects are mediated by the clearance receptors [42] , and therefore, they appear to participate in the metabolic clearance of ANF alone. Thus far it is unclear whether, like vascular and glomerular C-ANF receptors, mPRL-R distributed in high density on the renal brush mPRL-R, may have to be considered because many re-PCR products were electrophoresed on a 1.5% agarose gel, transferred onto the nylon membrane, and then hybridized to sodium, chloride and water, and in increased glomerular filtration rate in submammalian species [7] . In mammals, similar renal effects of PRL have been reported [43] , although they are controversial [7] . According to Pippard trate. The urinary PRL is delivered to the destination, and Baylis [44], PRL stimulates Na ϩ -K ϩ -ATPase activity perhaps the proximal tubular cells, and is subjected to of the rat kidney, and as a consequence, Na ϩ reabsorption the renal tubular degradation. The urinary excretion of may be enhanced by the stimulation. PRL is negligible [28] . Another source of renal PRL was mPRL-R is localized on the parietal epithelium of Bowfound in this study. The kidney itself expresses the PRL man's capsule as well as renal brush border (Fig. 3C , gene, and the parietal epithelial cells of Bowman's cap-D). The parietal cell mPRL-R is assumed to interact to sule are the major sites of the de novo synthesis of PRL mPRL released by the cells themselves and also possibly in the mouse kidney (Figs. 1, 2 and 3) . The epitheliumto mPRL extracted through the glomerulus. In Bowman's producing PRL is presumably released into Bowman's capsular space, the local concentration of mPRL is supspace. The podocytic epithelium also appears to be posiposed to be higher along the capsular lining. Our results tive in immunostaining for PRL (Fig. 3A) . However, suggest the existence of an autocrine/paracrine interaction unlike the immunohistochemical data, the observation of mPRL-R with mPRL in the parietal epithelium of the by in situ RT-PCR failed to show the presence of PRL capsule. In immune cells, PRL is known to function as transcripts in podocytes of glomerulus (Fig. 2) . PRL proan autocrine/paracrine mitogenic factor [9] [10] [11] 16] . Mamtein found in podocytes is therefore probably absorbed mary glands express both PRL and its receptor, and the from the glomerular filtrate.
locally expressed PRL is a potential autocrine/paracrine A large body of evidence indicates the presence of growth factor for mammary cell proliferation [12] [13] [14] [15] [16] . PRL binding sites in the kidney [23] [24] [25] [26] [27] [28] [35] [36] [37] . Specific By analogy, renal PRL synthesized in the epithelium of binding of radiolabeled PRL was demonstrated in memBowman's capsule could serve as an autocrine/paracrine brane fractions derived from the kidney [23, 24, 35] . A factor for the parietal epithelial cell proliferation. Both study with 125 I-labeled PRL has showed that PRL binding the capsular parietal cells and the glomerular podocytes sites are present in both renal cortex and medulla [35] .
are of the same developmental origin [45] . The parietal Most recently, PRL-R mRNA has been found in the epithelial cells show a high proliferation rate in mature renal tubules by in situ hybridization [36, 37] . Precise normal rats, implying that cell renewal commonly occurs morphological localization of the receptor molecules, in the parietal epithelium, although the proliferation of however, remains to be clarified. Our histochemical data podocytes is virtually absent [46, 47] . Further studies are presented earlier here demonstrate the presence of necessary to elucidate that the autocrine/paracrine intermPRL-R protein on the proximal tubular cells (Fig. 4) .
action of mPRL and mPRL-R is involved in the cell turnover of Bowman's capsular epithelium. The receptor molecules are densely localized on the well- express the messages for the regulatory gene mPit-1 as well. The data presented in Figure 5 show that mPit-1 is expressed in the kidney, and its distribution is quite 
